SUMMARY The finding of other investigators that increased water content is often associated with signs of a torn collagen network in human osteoarthritic (OA) cartilage led to this study. In the Pond-Nuki model of post-traumatic OA experimental but not control femoral condylar cartilage showed evidence of breakdown and stiffening of collagen network as assessed by measurement of swelling properties and indentation behaviour respectively. These changes in the unstable knees occurred despite lack of erosion of that surface cartilage ascertained from carbon black mapping and history. The stiffening rather than softening change was therefore attributed to cartilage oedema of the middle and deep certilagenous zones, wherein breakdown of collagen network has been postulated to occur. Because of insignificant reduction of total hexuronate in these cartilages, a proteoglycan (PG) profile of sedimentation coefficients for aggregate (PGA) Mature mongrel dogs 12-25 kg in weight and of both sexes were employed. The dogs were screened for OA skeletal maturity by joint x-rays. After routine 1 0-day quarantine and conventional health measures, the dogs were operated on. The right anterior cruciate ligament was cut by a 2 mm stab incision into the joint with a no. 11 Bard-Parker blade. The other knee served as a control. After the operation the right knee showed an anterioposterior subluxation (anterior draw sign). Animals moved about freely in well-ventilated large cages, 12 x 6 x 8 feet (3 7 x 1 8 x 2-4 m). A few hours postoperatively they bore weight on the operated limb. The latter was held in external rotation and caused a limping gait.
Increasing importance has recently been ascribed to the role of a collagen network in the pathogenesis of osteoarthritis (OA), and much of the basis of this idea comes from tissue hydration studies. A consistent finding in OA cartilage in man has been a higher water content than that of control post-mortem cartilage.' 2 When pieces of human OA femoral head cartilage were cut into thin slices and incubated in 0 9'Y% saline, they swelled enormously, whereas controls failed to swell.2 The latter normal samples, if treated with collagenase, provided swelling curves similar to OA samples.2 Moreover, OA samples and normal samples treated with collagenase revealed increased diffusivity as well as lower fixed charged density than normal controls.2 From these findings Maroudas and Venn postulated that in the fibrillated or collagenase-treated samples the restraining force of the collagen network against the swelling pressure caused by PGs was decreased, and hence the tissue achieved a higher degree of hydration. This occurAccepted for publication 28 January 1983. Correspondence to Roy D. Altman, MD. University of Miami School of Medicine, PO Box 016960, Miami, FL 33101, USA. rence prevailed despite a lower osmotic pressure from decreased glycosaminoglycan (GAG) content.' Some increase of collagen fibrillar water has also been postulated, as fibre bundles became disrupted in OA cartilage.' Whether those changes occur early or late after the onset of disease could not be ascertained in man.
hypertonic solutions was reported in OA cartilage in man,9 in the rabbit OA cartilage,"0 and variably in the Pond-Nuki tibial OA cartilage,7 a result not found in the femoral samples. Thus a search for more subtle PG disturbances previously reported by the transport method of analytical ultracentrifugation in rabbits"0 and dogs1' was made to determine whether collagen network and PG disturbances could be further dissociated.
Materials and methods

ANIMAL PREPARATION
Mature mongrel dogs 12-25 kg in weight and of both sexes were employed. The dogs were screened for OA skeletal maturity by joint x-rays. After routine 1 0-day quarantine and conventional health measures, the dogs were operated on. The right anterior cruciate ligament was cut by a 2 mm stab incision into the joint with a no. 11 Bard-Parker blade. The other knee served as a control. After the operation the right knee showed an anterioposterior subluxation (anterior draw sign). Animals moved about freely in well-ventilated large cages, 12 x 6 x 8 feet (3 7 x 1 8 x 2-4 m). A few hours postoperatively they bore weight on the operated limb. The latter was held in external rotation and caused a limping gait.
As described previously,' 5 the animals gained weight and remained active until they were killed 2-16 weeks postoperatively. In this period 1-2 dogs per week were killed in 2 groups, hereafter described as 'early' (2-9 weeks, 13 dogs) and 'late' (10-16 weeks, 13 The entire knee joint was dissected so that the first metaphyseal bone specimen could be mounted, within 5-10 min of killing the animals within the indentation apparatus; the joint cartilage remained intact on the subchondral bone. All specimens were sealed in plastic bags to maintain their moisture content as near normal as possible until testing was complete. Creep deflection was measured by the method of Parsons and Black,'3 modified to receive dog cartilage samples to evaluate structural behaviour of the specimen. Specimens were tested in a 100% humidity chamber at room temperature. Each specimen was then immersed in a 0 9% saline solution at room temperature, allowed to swell without stress for 30 min, and was then retested while immersed and swollen. Within this closed system an indenter (radius r = 2 mm) was gently lowered on to the surface of the articular cartilage and produced a preload of 2 x 104 N/in newtons per square metre. Its progress, as it indented the cartilage, was noted on recording paper as a deflection by means of a transducer. Deflection was monitored with time (creep test) with a constant load (300 g) applied to the indenter, producing a contact stress on the cartilage of (2-34 x 105 N/M2). Calibration runs were performed prior to each set of studies to check consistency. There was negligible shift in calibration throughout the run, and there was no measurable nonlinearity of the deflection transducers.
Irndentation tests were made on the experimental joint surface within the weight-bearing areas of femoral and tibial cartilage and on mirror image sites of control cartilage. Deflection was monitored continuously from the onset of loading until a minimum of 1200 seconds. From these deflection values an apparent, instantaneous shear modulus G was calculated to provide comparative values of stiffness between specimens:
where P is the load, v Poisson's ratio (assumed to be 0 40), a is the indenter radius, w, deflection of the indenter into the cartilage at times, and K a geometric scaling factor based on v and cartilage thickness. The modulus at initial application of load was defined as G,, the unrelaxed modulus. The relaxed modulus, Gr, was defined as the stiffness at infinity when the tissues are in mechanical equilibrium. Gr was calculated for this study as the stiffness at 1200 seconds. Deflection at 1200 seconds was determined to be at least 90% maximum.
Cartilage specimens ranged in thickness from 0-8 to 1 Table 3 as averages for   Table 3 tDifference between control and OA p<0 (Student's t test). each group of dogs. There was no significant reduction in S values of the monomers. The overall mean S value for monomer was 15-0 + 3 1 (SD). These values were similar to those found in rabbit bovine articular cartilage."0 There was a small but statistically significant reduction in PG aggregates from the early lesions when compared with controls. Samples of sham operated and unoperated animals gave polydisperse profiles that were similar to control values.
Discussion
The current swelling experiments on OA cartilage add evidence to the view that the collagen network was torn in some of these samples, affording a partial explanation of the increased water content previously reported6 and a confirmation of experiments by Maroudas and Venn.2 More important is that these findings were present 4 weeks postoperatively, suggesting an early or possibly initial step in disease production rather than a late event secondary to cartilage degeneration. Secondly, because of only stage 1-2 carbon black penetration,"2 representing absence of any detectable fissures or erosion extending into the radial zone, as well as absence of decline in hexuronate concentration, loss of PGs from the tissue at this stage as a factor contributing to the OA lesion seems to be contradicted. Table 1 ).
The most surprising observation in the creep deflection study is evidence against this happening in the early femoral lesion of Pond-Nuki animals, namely, the structural behaviour of increased rather than reduced stiffness on exposure to 0 9% saline. Pioneering work on the role of constituents in the biphasic mechanical behaviour of cartilage22 24 suggests that the intrinsic modulus can be separated from the diffusion effects of fluid flow on cartilage behaviour. Such methods might be able to define some of the cause-and-effect relationships suggested by the authors of that study. The mechanical methods employed here simply reflect the behaviour of the cartilage as a 'black box' without regard to such a phenomenon. Yet these methods remain useful in differentiating normal and abnormal cartilage."
Since the retardation-time spectrum was not significantly altered with these early arthritic changes, except for a vertical shift of the curve, it is possible that this shift simply reflects differences in water content. After full swelling the bounds of behaviour may be defined but not the full spectrum of behaviour. In (Table 1) . Immersion affected the experimental specimens more than the normal and thus accentuated the differences between the groups. Although the differences were still statistically significant, and the arthritic cartilage was stiffer in the moist state than in the immersed, the level of significance was much greater for the immersed specimens. Although immersion does not reflect normal, in-situ behaviour, it does describe the probable bounds for that behaviour and provides an apparently more sensitive means of testing for early arthritic changes.
The PG study merely confirmed that, despite the mild histological alterations that we could not separate temporally the evidence of torn collagen network from the appearance of a disturbance in PG aggregation. These 
